Using a semi-ab-initio theoretical method we examine the temperature dependent linewidth of the Raman modes in bulk and monolayer transition metal dichalcogenides (TMDs) MoS 2 , WS 2 and MoTe 2 . It is found that different Raman modes show different linewidths and different temperature dependences with respect to each other for a given sample and across different TMDs.
I. INTRODUCTION
Monolayer and few-layer transition metal dichalcogenides (TMDs) in their 2H MX 2 phases (M=Mo and W and X=S, Se and Te) are considered to be possible alternative components to graphene within superior thermal and opto-electronic devices. Due to its low thermal conductivity, finite band gap and high electron mobility, monolayer MoS 2 would be a superior component material for thermoelectric [1] and opto-electronic devices [2] [3] [4] . Thin flakes of WS 2 show similar promise for electronic device applications [5] . Raman spectroscopy has been employed to investigate the zone-centre phonon properties of atomically thin MX 2
TMDs. In particular, Raman spectroscopy has been used to identify the number of atomic layers in thin flakes of TMDs [6] [7] [8] . The Raman peaks of a material possess a temperature dependent width. Accurate determination of the widths of these peaks and their behaviour with temperature is of fundamental and practical importance to the characterisation of that material. Although there are several measurements of the two highest (A and E)
Raman peaks in TMDs [9] [10] [11] [12] [13] , the vast majority of studies report measurements at a single temperature only, with a few exceptions such as Sahoo et al's [14] report of the variation of the highest A mode in a few-layer MoS 2 sample in the temperature range 83-523 K. In both monolayer and bulk MoS 2 , the highest A mode is found to be wider than the highest E mode [9] [10] [11] [12] [13] . The measurements made by Sahoo et al [14] show that for a high-purity few-layer MoS 2 the linewidths of the highest A and E modes increase non-linearly when the sample temperature increases from 100 K to 500 K. In contrast, a CVD grown monolayer sample of MoS 2 is reported to show a very weak temperature variation [11] .
In this work we examine which physical parameters determine the width and temperature variation of Raman-active modes in bulk and monolayer MX 2 TMDs with different choices of cation and anion. To do this, we employ a semi-ab-initio theoretical method to calculate the temperature dependent linewidths of the Raman modes in bulk and monolayer TMDs MoS 2 , WS 2 and MoTe 2 . It is found that in pure and homogeneous samples different in-plane E and out-of-plane A modes show different linewidths and different temperature dependences with respect to each other for a given sample and across different TMDs. We explain these as arising from a combination of mode frequency location, phonon dispersion relations, temperature-independent isotopic mass-defect scattering, and intrinsic anharmonic interactions of the modes. We further explain reported temperature variations of the highest frequency A and E modes in bulk and monolayer MoS 2 experimental samples through the addition to our theory of a frequency dependent background contribution accounting for the inhomogeneities present in actually existing materials.
II. THEORY
For a pure and homogeneous sample of size larger than the intrinsic phonon mean free path we express the linewidth of a Raman phonon mode of frequency ω q 0 s with wavevector q 0 = 0 and polarisation s in terms of its full-width at half maximum FWHM(q 0 s) as [15] FWHM(q 0 s)| ideal sample = τ −1
where the two terms on the right hand side are contributed by mass defect and anharmonic scattering events respectively. For pure and homogeneous samples we consider mass defect scattering to be due to isotopic mass defects, i.e. we express τ −1
qs (isotopic md) using the expression [16] 
where b labels isotopic atomic sites in the unit cell, e qs (b) is an eigenvector of the lattice dynamical matrix, and the mass disorder coefficient is
withM (b) being the average mass of the b th atom and f i (b) being the frequency weighting of the i th isotope with mass M i (b). We evaluate the anharmonic contribution using the semi-ab-initio scheme described in [16] to calculate the three phonon scattering rates:
where ̺ is the mass density,c 2 is the average acoustic velocity,γ 2 (T ) is the square of a temperature dependent Grüneisen parameter,n,n ′ ,n ′′ are Bose-Einstein distribution functions for phonons with frequencies ω, ω ′ , ω ′′ , and G is a reciprocal lattice vector. The alternative expressions in the above equation are related via the identitiesn
The square of the temperature-dependent but mode-independent Grüneisen constant is computed within the quasi-harmonic approximation as follows [17] [18] [19] [20] :
qs ω 2 (qs)n(qs)(n(qs) + 1)
.
Phonon eigensolutions (frequencies and atomic displacement vectors) were computed using the ab-initio DFPT (density functional perturbation theory) package Quantum Espresso with PBE pseudopotentials [21] on Monkhorst-Pack grids [22] of 45 × 45 × 1 for monolayer and 28 × 28 × 7 for bulk systems.
Samples prepared under experimental conditions are inherently inhomogeneous and contain varying concentrations of defects of different kinds. The measurement accuracy of Raman linewidths is affected by the resolution capability of the experimental apparatus.
These effects may be accounted for through the inclusion of a temperature-independent but frequency-dependent background contribution to the theoretical linewidth contribution expressed in Eq. (1) (as in [14] ):
where FWHM(ω 0s )| background is the background contribution for the linewidth of the Raman mode of frequency ω 0 and polarisation s. The background contribution due to the rippling or roughness usually present in real 2D materials would probably become more important as temperature is reduced. In the present study we are not able to include such a contribution explicitly, and therefore confine our discussion to perfectly flat 2D situation. Raman linewidths in doped TMDs will also include contributions from the electron-phonon interaction. However, in real TMD systems the electron-phonon contribution will be overshadowed by the large inhomegeneity driven background contribution in the temperature range of study in this work. Therefore we have not included any contribution from electron-phonon interaction. From Eq. (2) it is clear that the mass defect scattering of a Raman mode is governed by the product of three terms: the strength of mass-defect |∆M/M | 2 , the square of the frequency of the mode ω Figure 2 shows the phonon density of states and the frequency locations of the Raman modes for the three TMDs studied here.
III. RESULTS

Eigenmodes of the
As can be seen from Eq. (3), the anharmonic scattering at temperature T of a phonon of frequency ω is usually a complicated function f (ω, T ). With a change in temperature there will be a slight change in the phononic gaps in the phonon spectra presented in Fig. 2 . Such changes are expected to have a minimal effect on the acoustic-optical phonon interaction.
While in our numerical calculations of the linewidths we evaluate the full expression in Eq.
(3), including the mode-averaged, temperature dependent Grüneisen constant results published in our previous papers [16, 26] , a simplified description is that at a given temperature the anharmonic scattering of a Raman mode is determined from ω 2 0s × JDOS(ω 0s ), with the joint density of states JDOS(ω 0s ) of the ω 0s mode with two other modes being subject to appropriate momentum conservation conditions. The description of the two terms in Eq. (3) is similar to that employed in discussion of optical and electronic properties (see, e.g. [24, 25] ).
Crudely speaking, the JDOS(ω 0s ) is a measure of the product of the density of states at ω 0s and at the other two frequencies with which this mode partakes in allowed three-phonon events. While processes both in term 1 (class 1 or coalescence) and term 2 (class 2 or decay) of Eq. (3) contribute to the anharmonic lifetime of a phonon mode, it is the latter (decay) term that generates the dominant contribution for the highest Raman mode. Traditionally this contribution has been explained using a number of decay channels involving acoustic (ac) and optical (op) branches, notably the Klemens channel [27] 
where α isotopic md is a temperature-independent isotopic mass defect contribution, β 0 is the temperature-independent contribution due to spontaneous anharmonic decay, and β(T ) is the temperature-dependent anharmonic contribution at temperature T . We note that β 0 is the first of the three contributions in the second term in Eq. (3). Table II lists the temperature-independent linewidth contributions α md and β 0 in these systems. We note that both α md and β 0 contribute nothing to the overall linewidth of the E 2 2g mode in all of the three bulk TMDs studied here. Also, β 0 contributes nothing to the overall linewidth of the E ′′ mode in all of the three ML TMDs studied here.
We make several observations from the results presented in Fig. 3 . (i) The first observation is that, consistent with the discussion presented in the previous paragraph, linewidths do not necessarily exhibit the same temperature dependence either across different modes of the same system or for a chosen mode across all systems. However, for bulk samples rather similar temperature variation is noted for the A 1g , E has a higher density of states and so undergoes stronger mass defect scattering than the higher frequency mode A 1g . As a result it has a slightly wider linewidth compared to the A 1g mode below 100 K. It also has a much weaker dependence on temperature. The much slower temperature variation of the A ′ 1 mode for monolayer WS 2 and monolayer MoTe 2 indicates a dominant mass-defect contribution. The relatively stronger temperature variation for monolayer MoS 2 indicates that the strength of the anharmonic scattering is more pronounced in this system than in the other two systems. Compared to A ′ 1 , the A 1g mode in all three bulk materials becomes wider and shows a sharper rise with temperature. This is because the anharmonic contribution increases since there are more allowed three-phonon combinations in the bulk structure, which has twice as many phonon branches. above 300 K is a result of the increase in the contribution from the coalescent three-phonon processes in the former case as the temperature increases. We also note that the decay of the A 1g mode in MoS 2 and WS 2 takes place with significant contributions via the Klemens channel [27] (into two acoustic modes), the Ridley channel [28] (into one acoustic and one of several optical modes) and the Barman-Srivastava channel [30] (into two of several optical modes). In contrast, the decay of this mode in MoTe 2 via the Ridley channel and the Barman-Srivastava channel involves only low-lying optical modes.
The in-plane mode E 1g cannot be observed in back-geometry experiments [14] . We find that the low-frequency bulk E 1g and monolayer E ′′ modes lie in a region where the phonon density of states is low. Anharmonic scattering (contributed by both coalescence and decay processes) thus competes with mass-defect scattering. bulk Raman mode undergoes the weakest mass-defect scattering because this is the lowestfrequency Raman mode lying on the low-frequency tail of the phonon density of states (cf.
Eq. (2) and Fig. 2 ). It also encounters the weakest form of three-phonon scattering, as this low-frequency mode can only take part in a limited number of coalescent and decay processes. In particular, it can only decay into low-density regimes of acoustic modes. Weak temperature variation of the results in Figs. 4 indicates that mass-defect is dominant over the anharmonic contribution in controlling the linewidth of this mode.
B. Comparison of results for laboratory produced samples
Our theoretical findings for the relative widths of the A ′ 1 , A 1g , E ′ and E 1 2g modes in defect-free crystalline bulk and monolayer TMDs are consistent with the reported experi-mental measurements for MoS 2 [9] [10] [11] [12] [13] , for WS 2 [8] , and for MoTe 2 [31] . Also, our predicted results for low frequency Raman modes in the three TMDs are consistent with the experimental investigation of MoS 2 by Puretzky et al [32] . However the comparison of theoretical calculations of the temperature dependent line-width with experimental values requires that we consider the effects of sample quality, which we attempt below.
In Fig. 4 we present a comparison of our ideal sample results with published data for MoS 2 samples prepared under experimental conditions. We first note that for both bulk and monolayer systems there is a large spread in the data obtained by different groups for the bulk A 1g , E [9, [11] [12] [13] [14] are generally wider, aside from Ref. [13] which reports a sharper result than our theoretically obtained results in Fig. 3 . It is notable that the difference between theoretical
and experimental values is much larger for the monolayer A ′ 1 and E ′ modes.
As per Eq. (5), we attempt to reproduce experimental measurements through the addition of a frequency dependent background contribution to our theoretical results for a pure sample (as in [14] ):
where α bg is suitably chosen for the mode under consideration. As shown in sample is characterised by a high density of defects and/or a high level of inhomogeneity.
Compared to bulk samples, monolayer samples prepared using presently employed experimental techniques are more likely to contain larger levels of defects and inhomogeneities.
With suitable background estimates one can relate experimental measurements and theoretical calculations of the linewidths of lower frequency Raman modes for bulk and ML samples of the three TMDs studied in this work. While the predicted theoretical results in Fig. 5 are in agreement with the measured values for temperatures above 100 K, we notice that the experimental data at 100 K deviates from the prediction at 100 K. We are unable to provide a proper explanation for this, but speculate that it could be due to a local warming effect caused by the laser power used in the experimental study.
IV. SUMMARY
In summary, we have presented a detailed semi-ab-initio study of the temperature depen- Fig. 3 (a) of [14] in the bulk case and (b) a pair of Gaussian functions to the data in Fig. 2 of [11] in the monolayer case. Note that different amounts of background contributions are added for different modes.
